Abstract. The cilia, presenting a rotational movement in the embryonic nodes, play a crucial role in the left-right specification during embryogenesis. The characteristic architecture of these cilia is based on a cylindrical arrangement of 9 doublet microtubules and the motion of the cilia is triggered by the dynein motors located between adjacent doublets by converting the chemical energy into mechanical work. Restricted by the inherent difficulties of experiments, the dynein activation patterns in moving cilia cannot be directly observed. Thus, the mechanism of nodal ciliary movement is still unclear. In this study, we present computational models of the nodal ciliary ultrastructure based on tomographic images of the ciliary body. By employing time accurate three-dimensional solid mechanics analysis, we investigate the dynein-triggered sliding between adjacent doublet microtubules and simulate the induced ciliary bending. As an exploratory study, two dynein activation patterns are proposed and their rationality is discussed. The mathematical model presented by this paper provides a platform to investigate various assumptions of dynein activity, facilitating us to propose the most possible dynein activation pattern and therefore improving our understandings regarding the protein-beating problems of cilia.
Introduction
The left-right specification during embryogenesis is triggered by a leftward flow across a transient embryo structure, the node [1] [2] [3] [4] [5] [6] . There are hundreds of mono-cilia located in the embryonic node and the leftward nodal flow is produced by the rotational movement of these cilia [7] . Effective movement of nodal cilia plays a crucial role in correctly directing left-right specification; however, the mechanism that produces nodal ciliary motion is still unclear.
The ultrastructure of embryonic cilia contains a cylindrical arrangement of 9 doublet microtubules. These hollow fibres are made by spontaneous self-assembly and present dynamic dissipative character.
The microtubules are the main elastic elements in the axoneme; however, due to the difficulties in experiments in vivo, their mechanical properties have not been precisely revealed. Recent studies regarding the vibrations indicate viscous damping in microtubules is large and cannot produce resonant vibrations [8] . As shown in Figure 1 , dynein arms present between adjacent doublets. By converting the chemical energy of ATP hydrolysis into mechanical work, these motor proteins induce doublet sliding [9] , and together with other passive components, such as the mediated cytoplasm, in the cilia, they produce the ciliary motility. Current observation techniques can hardly capture the dynein activity in moving cilia, restricting studies of the mechanism of ciliary motion and thus encouraging researchers to solve the problem from the computational modelling aspect.
In this paper, we present 3D computational models of the ciliary ultrastructure based on laboratory observed images. By applying dynein forces between adjacent doublets, we simulate the proteintriggered deformation of the cilium induced by linear and sine dynein 'walking' patterns. By comparing the simulated ciliary motion to our observed data, we evaluate the rationality of these dynein activation patterns and discuss the mechanism of nodal ciliary motion.
Methods

The protein-structure model
According to experimental observations [10] , the ciliary body is modelled as a composite of a cylindrical body (2µm in height, 0.2µm in diameter) with a parabolic tip (0.2µm in height). The doublet microtubules consist of a complete A-tubule and an incomplete B-tubule. The cross-section of the doublet microtubule is thus modelled as an ellipse with a diameter of 0.03µm in the major axis and 0.17µm in the minor axis. Figure 2 (a) displays this model. The spatial resolution of the cilium involves 76 points in the vertical direction of the cylindrical body. This indicates a 24nm distance between the grid nodes in the longitudinal direction, corresponding to the actual dynein intervals along the microtubules as observed in our experiments. The tip of the ciliary model is discretized using an unstructured tetrahedral grid and the cylindrical body including the doublet microtubules are extruded by triangular prisms. The grid configuration of the model consists of a total of 111,815 cells.
Establishment of the realistic model
The realistic model of the nodal cilium is established based on the tomographic images of the embryonic node, obtained by ultra-high voltage electron microscopic tomography (UHVEMT). 1µm thick sections were cut and mounted on molybdenum grids. The sections were observed in an ultrahigh voltage electron microscope operating at 2MeV (H-3000, Hitachi) and the images were taken at 20,000×, ±60°, at 2° intervals, and recorded with a 4096×4096 F415S slow scan charge-coupled device camera with a pixel size of 15µm (TVIPS, Germany). 3D reconstruction was performed using the IMOD image-processing package. As shown in Figure 2 (b), the spatial positions of the microtubules and ciliary membrane were extracted in the tomographic image of the nodal cilium and were exported to CFD-GEOM (ESI Group, France) to establish the 3D model. The distance between adjacent grid nodes along double microtubules was again assigned to 24nm and total grid resolution of the model contains 118,540 cells.
Mechanical properties
The elastic modulus of doublet microtubule is reported ranging between 0.05~5GPa [11] [12] [13] . In this study, we assume the doublet microtubules are homogeneous and isotropic material and the elastic modulus is 0.1GPa. Literatures about the elastic properties of ciliary cytoplasm are lacking. Relative studies indicate that the elastic modulus of cytoplasm may range between 25Pa~ 5X10
5 Pa [14, 15] . In the current study, the mediated cytoplasm is modelled as solid. A parameter study has been conducted and the elastic modulus of the modelled cytoplasm is finally assigned to be 50Pa. This value allows the most flexibility of ciliary movement and is close to the limit of what can be realistically computed in terms of local mesh deformations for the ultrastructure of the cilium.
Scenarios of the dynein activation
When activated, each dynein motor located on one doublet microtubule forms a transient attachment to its adjacent doublet and pushes it tipwards [16] . This mechanical function of the dynein allows us to model them as pairs of point loads working in opposite directions along the doublets. As shown in 2, the grid discretization is with a 24nm-interval along the doublet, which is just the spatial interval of dyneins as observed, and therefore, the point loads which mimic the dynein force can be added at the grid points in the model. The force exerted by a single dynein arm is reported varying from 1 to 10pN [17] [18] [19] [20] [21] . Here, we assume the force generated by a single dynein arm is 5pN. The initiation of dynein activity moves sequentially from doublet to doublet in about 1/9 cycle [22] ; the dynein activity along one doublet occurs once per cycle. The rotational cycle of nodal cilia is 10Hz [23] . The protein motors along one pair of adjacent doublets, therefore, function effectively in 0.011s.
Previous literatures indicate the magnitude, direction, and operation time of dynein force in cilia. However, the sequential manner of dynein activation is still unclear. Our previous study indicates that the dynein attachment could be a distance-controlled process [24, 25] and the dynein activation between pairs of doublets is transferred clockwise. In other words, when the dynein bridges finish establishment between doublet N and N+1 (the doublets are numbered clockwise), in the next 1/9 cycle, the dyneins between doublet N+1 and N+2 are activated, while, the dynein bridges between doublet N and N+1 are detaching. This previous work provides the dynein activation sequence among the 9 doublets; however, to produce a circular rotation of the cilia, we still need to clarify the dynein activation pattern between one pair of doublets, i.e., how the dynein protein 'walks' along the microtubule.
In the current work, since the base cell supplies energy to the protein motors, we assume the dynein bridges 'walk' from the base to the tip. More specifically, we investigate two types of dynein activation pattern: linear and sine. We firstly test the dynein activation scenarios on the artificial model, simulate the induced ciliary motion, and by comparing to observations, the rationality of the scenarios can be evaluated and the possible dynein 'walking' pattern can be proposed. Then, the selected dynein activation pattern is applied in the realistic model. More realistic ciliary motion can be then simulated. The time-variant climbing height of the dynein bridges on one doublet can be represented by h = 163.64t µm in the linear scenario and h = 1.8Sin (142.73t) µm in the sine scenario; and the detaching height of dyneins in the next 1/9 cycle is h = 1.8-163.64t µm in the linear scenario and h = 1.8-1.8Sin (142.73t) µm in the sine scenario.
Numerical algorithms
The motility of cilia is calculated by embedding the produced forces on the discretized elements (properly located in space and time according to the scenarios we discussed in the previous section). The problem is solved by using a stress solver in CFD-ACE+ (ESI CFD, France), based on the Finite Element method. The stress solver allows explicit input of the point loads on the grid nodes, which facilitates us simulating the transient dynein forces in the model. Moreover, the computational platform we used allows the concurrent embedding of the forces-generating elements of the axoneme, along with the passive deformable elements of the structure into a unified framework, permitting the computation of self-induced deformation and motion for this cilium system. The Solid-body Elasticity Analogy method [26] is employed in this computational work to calculate and update mesh deformation, where the re-meshing problem is solved by calculating the displacement between the moved boundaries and based on the solution of the equations of linear elasticity.
Results and discussion
In both of the artificial and realistic models, the computation has been implemented for 3 cycles and the ciliary motion presented below is exported based on the final cycle. Figure 3(a) shows the dynein climbing up from the base to the tip between doublet 1 and 2. The sliding forces generated by them induce the accumulation of internal forces and it is exactly those forces that produce the structural bending towards the higher-numbered doublet direction (doublet 2, or generally doublet N+1). At the end of 1/9 cycle, the ciliary bending reaches the maximum, which is 0.46µm at the ciliary tip. In the next 1/9 cycle, the dynein activation transfers to the next pair of doublets (doublet 2 and 3) and the dynein bridges between doublet 1 and 2 begins to detach. This process makes the ciliary movement change from bending to rotating. Figure 3 (b) displays the ciliary tip trajectory of the linear and sine scenarios. Both the dynein 'walking' patterns is able to produce the rotational movement of the cilium. However, the actual moving trajectory is different; the sine model shows obviously smoother rotation of the cilium than the movement produced by the linear scenario and is similar to experimental observations. The sine model is then applied in the realistic model for further investigation. Figure 4 displays the motion of the cilium in the realistic model, stimulated by the sine dynein 'walking' pattern. The numbered structures (1) (2) (3) (4) in Figure 4 (a) display the ciliary configurations at time 0.027s, 0.049s, 0.071s and 0.093s in one cycle. Figure 4(b) shows the tip trajectory of the cilium. The trajectory points are not evenly distributed as those shown in Figure 3(b) . This is because the ciliary ultrastructure is reconstructed based on real ciliary tomographic image; the microtubules are with natural curvature and morphology rather than the straight cylindrical doublets in the artificial model. This indicates the geometry of the doublets in real cilia also plays an role in controlling ciliary motion, implicating that mutant cilia with abnormal microtubules may present different types of motion. The maximum deformation of the cilium occurs at 0.071s in one cycle, which is 0.53µm at the ciliary tip.
A few studies have been conducted to reveal the mechanism of ciliary motility, such as the curvature-controlled model proposed by Brokaw [27] , the geometric clutch model by Lindemann [28] , and the switch-point model by Satir [29] . More recently, Dillon et al. [30] established a 2D model to simulate the axoneme that consists of one pair of microtubules embedded in a viscous incompressible fluid. Mitran [31] modelled the microtubule structures by large-deflection, curved, finite-element beams. These studies brought important insight into the mechanism of dynein activation, however, most of them are limited by dimensions and focus on "9+2" cilia. The current study we proposed is able to represent the realistic ciliary ultrastructure in 3D and embed the dynein forces explicitly. The deformation of the cilium is relatively small comparing to laboratory observations (probably due to the underestimation of dynein forces) yet coherent and comparable in shape. Further improvement of this model and more precise simulations would be pursued by improving the physical parameters of the cilium when relative information from biological studies becomes available. Nevertheless, this proteinstructure model sheds light on the dynein-microtubule motor mechanism of cilia and proposes a possible dynein activation pattern for the nodal cilia. It also enables future experimental studies on the influence of specific axoneme defects.
Conclusion
In this study, we establish two computational models of the ciliary ultrastructure; the artificial model is designed based on the ciliary geometric information, while the realistic model is reconstructed from the real tomographic images of nodal cilia. Linear and sine dynein 'walking' patterns have been applied in the artificial model firstly. The difference of the induced trajectories is discussed and the results indicate the sine pattern of dynein activation can produce better ciliary movement results when comparing to experimental observations. The sine pattern is then applied in the realistic model and the ciliary motion is simulated. It results in a rotational movement of the cilium as observed in experiments, confirming the sine pattern dynein 'walking' and detaching process is a possible dynein activation sequence in embryonic cilia.
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